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In our search of the environmental factors that fuelled the pandemic of obesity, we face a paradox. Although sedentary lifestyle has been highlighted for decades as one of the main factors triggering weight gain, the physiology of physical inactivity has received little attention ([@r1]). Clearly, the causal relationships between sedentary behaviors and obesity are essentially based on epidemiological studies or on the indirect beneficial effects of exercise training ([@r2]). None of these studies provide evidence to support a cause-and-effect relationship.

Obesity is a fat storage disease characterized by insulin resistance and a decreased capacity to oxidize lipids ([@r3]) in fasting ([@r4]) and postprandial ([@r5]) conditions. Because weight reduction was not associated with improvement in fat utilization ([@r6]), it was suggested as a primary impairment in the etiology of obesity, rather than an adaptive response. Consequently, the delineation of the causes responsible for this reduced capacity to oxidize fat appears to be a fundamental prerequisite to develop efficient strategies against obesity.

We previously extended the early Mayer hypothesis ([@r7]) and hypothesized that the decreased fat oxidation observed in obese and postobese subjects is due to the generalized adoption of sedentary behaviors ([@r8]). Using strict bed rest as a model, we showed that physical inactivity, per se (i.e., independent of the known physical inactivity-induced energy balance changes), lowers fasting and postprandial fat oxidation ([@r9]). Unexpectedly, whereas monounsaturated dietary fat (oleate) oxidation remained unaffected by bed rest, saturated fat (palmitate) oxidation decreased by 11% ([@r9]). These results are interesting when considering the north/south gradient in obesity prevalence in France that was not associated with the overall energy intake but in the greater amount of saturated fat in the diet ([@r10]).

The main objective of our present study was to investigate the mechanisms involved in metabolism of dietary fat during 2 months of bed rest in women. The key for obesity prevention is to determine the minimal volume of exercise that will restore fat oxidation. Since aerobic exercise training protocols in sedentary lean ([@r11]) or obese individuals ([@r12],[@r13]) result in increased fat oxidation during exercise, we tested, as a second objective, the efficacy of combined aerobic and resistance exercise training on fat oxidation.

RESEARCH DESIGN AND METHODS
===========================

Sixteen women volunteered for a 60-day bed rest study. For logistical reasons, the study was divided into two sessions separated by 2 months, each involving half of the volunteers. The subjects were selected if they engaged in at least 30 min of moderate activity per day, this being achieved either with structured exercise or with activities of daily living. Athletes and extremely fit individuals were excluded. The subjects were nonsmokers, were free of clinical or biomedical diseases, and were asked to stop birth control pills 3 months before the study. The study was approved by the local institutional review board (Midi-Pyrénées I, France).

The bed rest in head-down tilt position (−6°) was preceded and followed by two 20-day periods of ambulatory control and recovery, respectively. This duration was necessary for the different teams involved in the study to complete baseline data collection. During the control period, subjects were asked, under professional supervision, to exercise in order to help offset detraining possibly occurring while living confined to the institute. After the 20-day control period, the subjects were randomly divided into a control group that remained in bed and an exercise group that was subjected to combined supine resistance and aerobic exercise training for 60 days (*n* = 8, each). Subjects were continuously in bed 24 h a day and standing or seated positions were forbidden. A general overview of the protocols, indicating the specific days of the tests, is illustrated in [Fig. 1](#f1){ref-type="fig"}.

For the exercise group, resistance training was performed at maximal effort on a flywheel ergometer ([@r14]) to train the thigh muscle groups using supine squat exercises. Nineteen training sessions of 35 min were programmed every 3 days, as previously described ([@r9],[@r15]). Aerobic training was performed three to four times per week (29 sessions of 50 ± 2 min total) on a vertical treadmill in a lower-body negative-pressure chamber, with intensities varying from 40 to 80% pre--bed rest maximal oxygen uptake, as previously described ([@r15]--[@r17]).

Throughout the experiment, we aimed to maintain energy balance. Energy requirements during control and recovery periods were calculated as resting metabolic rate (RMR) times a physical activity level of 1.4 selected for individuals with a low level of activity ([@r18]). During bed rest, a physical activity level of 1.2 was selected based on a previous bed rest experiment ([@r19]). RMR was measured twice in each period to adjust intake for changes in fat-free mass (FFM). Water intake was provided at 3 l/day. The macronutrient composition of the diet was set at 30% fat, 15% protein, and 55% carbohydrate. The subjects were asked to finish all food given. Snacks were provided to the subjects to compensate for leftovers, if any, and maintain energy balance after the exercise sessions in the exercise group and more generally when the subjects felt hungry. Fat mass (FM) and FFM were measured twice during the ambulatory period and every 15 days during the bed rest period by dual-energy X-ray absorptiometry on a QDR 4500 W scanner using the version software 11.2 (Hologic France).

Vastus lateralis biopsies were obtained before and after 59 days of bed rest, 4 h after lunch, and at least 24 h from the last exercise session, as previously described ([@r20]). Due to tissue sharing, we obtained biologic material for only five subjects in both groups. After total RNA extraction, the relative expression levels of ACADL, CD36, carnitine palmitoyl transferase 1 (CPT1) B, COX4I1, GPD1, and lipoprotein lipase (LPL) were analyzed on the ABI 7900HT Sequence Detection System, as previously described ([@r21]), and RT-PCR was performed by using a random primer from a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems) to reverse the RNA. TaqMan Universal PCR Master Mix and Assays-on-Demand Gene Expression probes (Applied Biosystems) were used for the PCR step and by using the comparative amplification detection threshold of target gene expression (*C*~t~) method for analysis. Helicase with zinc finger was taken as an internal standard. Thus, mRNA levels were measured by determining the cycle number at which *C*~t~ was reached. In each sample, *C*~t~ was normalized to helicase with zinc finger expression, performed in parallel (Δ*C*~t~). Normalized Δ*C*~t~ values from each time point in the samples from "ambulatory control period" were then subtracted from each time point in the samples from "bed rest" (ΔΔ*C*~t~) to determine the relative abundance values (2^−ΔΔCT^). Results were expressed in percentage changes from the ambulatory period.

The gastrocnemius/soleus muscle fat content was estimated 14 days before and after 29 and 56 days of bed rest from axial T1-spin echo-weighted images obtained from the superior aspect of the calcaneus to the proximal tibia of both legs (Philips Intera 1.5 T magnetic resonance imaging), as previously described ([@r22]). We used a relaxation time of 425 ms and an excitation time of 16 ms based on one excitation. The field of view was 400 mm × 400 mm, matrix size of 192 × 384, with a slice thickness of 7 mm and spacing of 1 mm.

Dietary fat oxidation and trafficking were measured 15 days before and after 32 days of bed rest. Upon waking (0600 h), an intravenous catheter was inserted into the forearm vein for arterialized blood sampling. Baseline breath and urine samples and fasting blood sample were collected. The subjects then ingested 0.4 g/kg of H~2~^18^O (10% enriched; CIL, Andover, MA) to measure total body water (TBW), and, subsequently, RMR was measured for 1 h using indirect calorimetry (Deltatrac II; General Electric). Then, the participants ingested a fixed, moderately high-fat breakfast (41%), representing ∼50% of each subject\'s RMR in energy (i.e., 3.1 MJ in the ambulatory period for both groups and 2.7 and 3.1 MJ during bed rest for control and exercise groups, respectively). The breakfast included a liquid replacement meal in which 15 mg/kg of \[d~31~\]palmitic acid (\>98% enriched; CIL) and 10 mg/kg of \[1-^13^C\]oleic acid (\>99% enriched; CIL) were homogenized. Following ingestion of the meal, hourly breath and urine samples were collected for 12 h. Equilibration time for H~2~^18^O was taken at 3 and 4 h postdose. During the 10 h of the test, total substrate use and nonprotein respiratory quotient (NPRQ) were measured hourly by continuous indirect calorimetry and nitrogen excretion. Blood samples were collected every hour for 10 h to assess the postprandial response of metabolites and hormones. At 1300 h, subjects were given a moderately high carbohydrate (58%) lunch (2.7 MJ in the ambulatory period for both groups and 2.7 and 2.4 MJ during bed rest for control and exercise groups, respectively).

Breath sample ^13^CO~2~-to-^12^CO~2~ ratios were measured on a continuous-flow inlet system connected to an isoprime isotope ratio mass spectrometer (GV Instruments). The oxidation rate of monounsaturated fat was inferred from the recovery of \[1-^13^C\]oleate calculated as the instantaneous recovery of ^13^C in expired CO~2~ expressed as a percentage of the dose and corrected for isotope sequestration by assuming an acetate correction factor of 51% ([@r23]). ^2^H/^1^H from urine samples was analyzed, as previously described ([@r24]). The oxidation rate of saturated fat was inferred from the cumulative recovery of ^2^H in TBW. The method was validated at rest and during exercise by comparison with classical ^13^C-labeling corrected for isotopic sequestration ([@r25],[@r26]). ^18^O enrichments in TBW urine samples were decolorized by black carbon and reduced to CO by carbon reduction at 1,400°C in an elemental analyzer (Flash HT; ThermoFisher) coupled to a Delta V isotope ratio mass spectrometer. TBW was determined using the ^18^O isotope dilution method. The detailed calculations of the percentage recoveries are described in detail elsewhere ([@r25]).

To determine dietary \[d~31~\]palmitate and \[1-^13^C\]oleate trafficking, total lipids were extracted from plasma. NEFA and triglyceride fractions were separated by solid-phase extraction and derivatized to methyl esters ([@r27]). The absolute concentrations of the individual fatty acids were calculated by reference to internal standards. To assess both the isotopic enrichment and the individual fatty acid concentrations (both unlabeled and labeled) in the same gas chromatography/mass spectrometry (Agilent 5975 Inert XL), we designed a dual acquisition program in single-ion monitoring mode. The following m/z ratios were acquired: 296 and 297 for oleate and 270 and 301 for palmitate. The concentration of each labeled fatty acid was calculated by multiplying its molar percent enrichment (MPE) by the concentration of its corresponding unlabeled compound.

Insulin was measured by radioimmunoassay (DSL), and glucose (Biomérieux), NEFAs (Wako), and triglycerides (Biomérieux) were measured by enzymatic methods. Total fat, carbohydrate, and protein oxidation rates, as well as the NPRQ, were calculated from indirect calorimetry data and urinary nitrogen ([@r28]).

All variables were analyzed by a multiple ANOVA, with time as the repeated measure (ambulatory versus bed rest), group (control versus exercise) as main effect, and sessions as covariate. The changes in gene expressions were analyzed using a Wilcoxon rank-sign test to determine the bed rest effect (ambulatory versus bed rest) and a Mann-Whitney test to analyze the between-group differences because normality was not respected. Statistics were performed using Statistica version 7.1.515.0 (Statsoft), and reported values are means ± SD, unless otherwise stated.

RESULTS
=======

The baseline characteristics of the volunteers, energy intake, and diet composition provided to the control and exercise groups during the study are summarized in [Table 1](#t1){ref-type="table"}. No between-group differences were observed at baseline.

Body composition changes.
-------------------------

After bed rest, body weight decreased by 4.6% in both groups ([Table 1](#t1){ref-type="table"}). The loss in body weight was essentially due to a 6.2% reduction of FFM in the control group but to a 9.9% decrease in FM in the exercise group. Exercise training partially counteracted the loss in FFM compared with the control group (−2.5% vs. −6.2%).

Insulin resistance and shift in substrate utilization.
------------------------------------------------------

After 1 month of inactivity, we observed an increase in fasting triglycerides (37%; *P* = 0.025), insulin (22%; *P* = 0.014), and homeostasis model assessment (38%; *P* = 0.01) in both the control and exercise groups ([Fig. 2](#f2){ref-type="fig"}), whereas fasting glucose and NEFAs remained unchanged. NPRQ increased from 0.791 ± 0.033 to 0.859 ± 0.030 during bed rest in the control group (*P* \< 0.0001). This shift in fasting substrate use was mitigated by exercise training (4% increase in NPRQ vs. 9% in control group; bed rest--by--group interaction: *P* = 0.037) and was not explained by a shift in macronutrient composition of the diet, as the food quotient remained close to 0.88 in all subjects throughout the study.

After meal ingestion, the cumulative glucose and NEFA responses did not vary and triglyceride concentration increased significantly by 27% in both groups during bed rest ([Fig. 2](#f2){ref-type="fig"}). Bed rest induced a 36% increase in postprandial insulin concentration in the control group that was not seen following exercise training, as evidenced by a significant bed rest--by--group interaction ([Fig. 2](#f2){ref-type="fig"}). After bed rest, the ratio of cumulative carbohydrate to fat oxidation increased significantly by 2.5-fold in the control group and by 1.6-fold in the exercise group. The significant bed rest--by--group interaction suggests, however, that exercise training partially attenuated the effect of sedentariness ([Fig. 3](#f3){ref-type="fig"}).

Proportion of dietary fatty acid uptake.
----------------------------------------

The concentrations of \[1-^13^C\]oleate and \[d~31~\]palmitate in plasma triglycerides and NEFAs were not different between the control and exercise groups ([Fig. 4](#f4){ref-type="fig"}). Cumulative dietary labeled oleate and palmitate in triglycerides increased significantly by 51 and 25%, respectively, during bed rest in both groups. Similarly, a 1.5-fold increase in both cumulative oleate- and palmitate-labeled NEFA concentrations were noted during bed rest ([Fig. 4](#f4){ref-type="fig"}). In the exercise and control groups, the NEFA-to-triglyceride ratio remained unchanged during bed rest for both \[1-^13^C\]oleate (14 vs. 13% during ambulatory conditions) and \[d~31~\]palmitate (10 vs. 11%).

Palmitate and oleate oxidation.
-------------------------------

An overall group effect was noted for both oleate and palmitate oxidation. The higher oxidation values observed in the exercise group were essentially accounted for by differences in initial FFM ([Fig. 5](#f5){ref-type="fig"}). In both the exercise and control groups, bed rest decreased palmitate oxidation by −8.2 ± 4.9% and −6.4 ± 4.8% of the dose, respectively ([Fig. 5](#f5){ref-type="fig"}). Conversely, bed rest did not affect the 12-h postdose cumulative recovery of \[1-^13^C\]oleate in either group. The differential oxidation rates between oleate and palmitate was not partly attributable to differences in the kinetics of oxidation, as suggested from the 12-h instantaneous percentage recovery curves ([Fig. 5](#f5){ref-type="fig"}). Indeed, breath and urine samples collected 24 h postdose confirmed that in both groups oleate remained unaffected by physical inactivity (−0.70 ± 8.6%, bed rest effect: *P* = 0.8), whereas palmitate oxidation decreased by −6.0 ± 8.1% (bed rest effect: *P* = 0.01).

Muscle expression of key lipid metabolism proteins.
---------------------------------------------------

Muscle mRNA LPL expression decreased after bed rest in the control group (*P* = 0.043; [Fig. 6](#f6){ref-type="fig"}) but not in the exercise group. Fatty acid translocase CD36 (FAT/CD36) (*P* = 0.043, for each group) and CPT1 (*P* = 0.043, for each group) mRNA expressions decreased in both groups, whereas mRNA expressions of ACADL and GPD1 remained unchanged. COX4 mRNA expression was decreased during bed rest in the control group (*P* = 0.043) but not in the exercise group. No significant group differences were noted using a Mann-Whitney test.

Muscle fat content.
-------------------

Bed rest induced a significant 2.7% increase in muscle fat content in both groups ([Fig. 7](#f7){ref-type="fig"}). The T1 signal values measured after 1 month of bed rest and adjusted for baseline values negatively correlated with the reduction in palmitate oxidation ([Fig. 7](#f7){ref-type="fig"}). Both groups were combined for this analysis since no bed rest--by--group interaction was observed for both palmitate oxidation (*P* = 0.87) ([Fig. 5](#f5){ref-type="fig"}) and T1 signal (*P* = 0.54) ([Fig. 7](#f7){ref-type="fig"}). This demonstrates no between-group differences in the slopes of the relationships. No relation was noted between the T1 signal adjusted for baseline and the changes in oleate oxidation after bed rest (*r*^2^ = 0.02, *P* = 0.68). An outlier test failed to reveal extreme values in both these relationships.

DISCUSSION
==========

The present study extends our previous results obtained during a 90-day bed rest in men ([@r9]) to women. Extreme physical inactivity, independent of changes in energy balance and macronutrient intake, induces hypertriglyceridemia, a decrease in insulin sensitivity, and a decrease in total lipid oxidation in favor of an increase in total carbohydrate oxidation in both fasted and fed states. As in men, inactivity decreases saturated but not monounsaturated fatty acid oxidation. The present study suggests some mechanisms involved in these metabolic alterations.

Bed rest induces an increase in plasma triglyceride concentrations, which may be due to a greater lipid absorption in enterocytes and/or a lower clearance of triglycerides. The head-down position used to simulate microgravity may induce a larger blood volume in the visceral areas ([@r29]), leading to greater macronutrient absorption. Our data suggest that hydrolysis of triglyceride-rich lipoproteins by LPL may be reduced by bed rest, which is caused by both muscle atrophy and the reduction in muscle LPL gene expression. Using the hindlimb tail rat model, Bey and Hamilton ([@r30]) already demonstrated that acute or chronic periods of inactivity decrease muscle LPL activity. The chylomicron-released NEFAs can either enter the plasma pool or the peripheral cells (adipocyte or myocyte). During physical inactivity, we observed a greater spillover of the dietary NEFAs, indicating a lower uptake by the peripheral tissues. At the muscle level, FAT/CD36 gene expression dropped during bed rest, which reduces muscle uptake of NEFAs, as was previously reported in inactive muscle of rats ([@r31]). Despite the greater dietary NEFA spillover, we did not observe greater plasma NEFA concentrations. Both the higher insulin concentration in the postprandial period acting on the adipose tissue and the VLDL metabolism may be involved. The NEFA pool constitutes the major source for VLDL synthesis in the liver ([@r32]). Because our volunteers developed insulin resistance during bed rest, it is likely that the lower NEFA concentration and the higher triglyceride concentration are interrelated and involve VLDL synthesis. In support of that, Hodson et al. ([@r33]) showed that the higher triglyceride concentrations observed in the insulin-resistant male subjects is attributed to a higher postprandial VLDL concentration. Further investigations are required to delineate the chylomicrons and VLDL metabolism during physical inactivity.

Extreme physical inactivity induces a shift in substrate use with a decrease in lipid oxidation in favor of carbohydrate oxidation in both fasting and fed states. This shift was observed during all bed rest studies and seems unrelated to energy balance as it was observed in conditions of positive, stable, or negative energy balance ([@r34]). This phenomenon is partially due to the muscle atrophy associated with a shift in the muscle fiber types characterized by a decrease in the oxidative twitch fibers (myosin heavy chain \[MHC\]-I and MHCIIa) and an increase in the glycolytic twitch fibers (MHCIIx) ([@r35],[@r36]). Such a fiber type pattern with a higher proportion of glycolytic fibers in skeletal muscle was observed in obese and diabetic subjects ([@r37]). Moreover, the decrease in CPTI mRNA expression could likely explain the blunted fat oxidation. Using the paradigm of suspension in rat and Affimetrix technology, Stein et al. ([@r38]) showed an increase in glycolytic capacity and a drop in oxidative capacity in atrophied slow-type soleus muscle. In our study, we failed to show such changes in GPD1 and ACADL gene expressions in the mixed-muscle type vastus lateralis. Further investigations are required to better understand the physical inactivity--induced impairments of the mechanisms regulating the metabolism of carbohydrates and lipids.

Physical inactivity does not affect dietary oleate oxidation but decreases palmitate oxidation by −8%, which is in accordance with the 11% decrease observed in the 3-month bed rest in men ([@r9]). In the present study, labeled oleate and palmitate incorporation into the NEFA and triglyceride fractions in the ambulatory and bed rest periods were similar, suggesting that oleate and palmitate present a similar absorption rate, plasma trafficking, and clearance as already reported by Evans et al. ([@r39]) under normal conditions. The labeled NEFA-to-triglyceride ratio can be considered an index of the proportion of NEFAs from LPL-mediated hydrolysis of triglyceride-rich lipoprotein entering the NEFA pool. In our study, the ratios indicated a similarity of the two dietary fatty acids with regard to uptake by the peripheral tissues in both ambulatory and bed rest conditions.

To our knowledge, no differences between oleate and palmitate binding affinities were reported in the human fatty acid binding proteins (FABPs) studied so far, including liver, muscle ([@r40]), and adipose tissue ([@r41]). Furthermore, studies that have measured fasting fractional uptake of fatty acids by heart ([@r42]), liver, or forearm ([@r43]) have failed to demonstrate any difference between palmitate and oleate. Taken together, these results suggest that the differential metabolism between the dietary saturated and monounsaturated fats is more likely due to differences in the handling between storage and oxidation within the myocytes than to a differential plasma trafficking.

Interestingly, we found a significant correlation between the decrease in palmitate oxidation and the gastrosoleus fat accumulation induced by physical inactivity, suggesting a preferential channelling of palmitate toward muscle fat. Gaster et al. ([@r44]) have previously reported similar results in cultured myotubes from diabetic subjects expressed as a reduction in palmitate oxidation and no change in oleate oxidation associated with a differential handling by myotubes: palmitate accumulates as diglycerides and triglycerides, whereas oleate accumulates as intracellular free fatty acids. The key is to understand the mechanisms of regulation, which are negatively impacted by the physical inactivity, or by type 2 diabetes, that may explain this differential oxidation and partitioning in myocytes. It was found that rat liver CPT1 has a lower affinity for oleyl-CoA than palmitoyl-CoA ([@r45]) and that enzyme activity toward oleyl-CoA was more sensitive to inhibition by malonyl-CoA than was the activity toward palmitoyl-CoA ([@r46]). Both of these findings would favor oxidation of palmitate. Recently, it has been shown that a mitochondrial isoform of glycerol-3-phosphate acyltransferase (mtGPAT) may direct the flux of fatty acids toward glycerolipid synthesis and away from β-oxidation ([@r47]). Interestingly, mtGPAT also presents a higher affinity for saturated than for monounsaturated fatty acids ([@r47]). Because both mtGPAT and CPT1 are located on the outer mitochondrial membrane, they can compete for acyl coenzyme A. In fact, AMP-activated kinase (AMPK) reciprocally regulates triglyceride synthesis and fat oxidation in liver and muscle via an inverse regulation of CPT1 and mtGPAT ([@r48]). During exercise, AMPK is activated ([@r49]) and decreases triglyceride synthesis and upregulates β-oxidation. Since muscle unloading downregulates AMPK ([@r50]), an opposite process under physical inactivity would represent a good hypothesis for explaining the fat accumulation that we measured in muscles and the negative correlation between muscle fat content and reduced saturated fat oxidation. Despite some changes in the kinetics of oleate oxidation, the daily oleate oxidation was unchanged by physical inactivity, likely due to a preferential accumulation of oleate as free fatty acids ([@r44]). Because a clear relationship is observed between intramuscular triglycerides (IMTGs) and their derivated products such as diglycerides or ceramides and the development of insulin resistance in diabetic subjects ([@r51],[@r52]), further investigations are clearly required to better understand the relationship between IMTG and dietary fatty acids according to their nature.

In this present study, we tested the efficacy of combined resistance and aerobic exercise training, performed concomitantly with bed rest, to mitigate the deleterious effects of physical inactivity. Similar to what we observed during the 90-day bed rest performed in men ([@r9]), the bed rest--induced hypertriglyceridemia was not counteracted by exercise training. Such a lack of effect might be partially attributed to the absence of recent exercise (36 h) before the test ([@r53]). Nevertheless, the combined aerobic/resistive exercise training partially maintained the muscle mass, as did the resistance training alone, but also partially protected the muscle fiber--type pattern ([@r15],[@r35],[@r36]), the amount of mitochondria, and the oxidative capacity, as expressed by the maintenance of COX4 gene expression. Interestingly, contrary to the resistance exercise training performed during the previous bed rest ([@r9]), we observed that this exercise training protocol partially counteracted the shift in substrate utilization in the fasting and fed states and the higher postprandial insulin concentration observed in the control group. Consequently, the comparison of the results from these two bed rests may highlight the major role of the aerobic type exercise and its effect on energy balance in the protection of the muscle metabolic pattern. It also suggests that rather than the muscle mass, the anatomic and metabolic characteristics of the muscle may be the key factors determining macronutrient oxidation. However, only ∼50% of the capacity to use fat as fuel was maintained by exercise training, suggesting at least some metabolic alterations in the exercise group. Indeed, the exercise training only tended to mitigate the LPL gene expression changes and had no effect on the muscle FAT/CD36 or CPT1 expression alterations. Contrary to the total lipid oxidation, no beneficial effect of the exercise training was detected on the exogenous palmitate oxidation. However, the dietary palmitate oxidation normalized for FFM decreased by 20% in the exercise group compared with 29% in the control group, suggesting a slight protective effect of training. Yet, the question remains regarding how much physical activity is required to maintain both total and exogenous lipid oxidation. Lastly, the relationship between muscle fat accumulation and bed rest--induced reduced dietary palmitate oxidation was also observed in the exercise group. Because high IMTGs content was observed in both sedentary obese subjects and athletes ([@r54]), it is likely that this relationship does not have the same impact in health outcomes such as insulin resistance. However, further studies are needed to ascertain this relationship as well as to better understand the interactions between physical activity and total and exogenous lipid oxidation.

Several limitations of our study have to be considered. First, because multiple research teams participated in this study, there were limits on tissue availability and assays (i.e., no VLDL separation from chylomicrons possible). Second, the strict bed rest paradigm used in this study created a physical inactivity at the extreme level of what is typically seen in our society. Although this model is relevant to highlight mechanisms of regulation underlying the lipid metabolism, further studies are required on the general population.

Despite tight monitoring of the diet, the volunteers of the exercise group did not ingest the entire energy intake that they required to maintain their initial FM and, consequently, were in negative energy balance, which does not allow us to clearly dissociate the effect of negative energy balance on substrate use from those solely due to exercise. Indeed, based on the changes in body composition, we estimated an average energy deficit of 1.48 ± 0.54 MJ/day in the exercise group compared with 0.54 ± 0.38 MJ/day in the control group. These estimations match to 88.5 and 98.7% of the energy balance measured from intake and doubly labeled water derived total energy expenditure in the control and exercise groups, respectively. Interestingly, the negative energy balance of the exercise group was due to increased leftovers, not false energy intake prescription, suggesting a strong effect of the bed rest/countermeasure on satiety (data not shown). Nevertheless, it is important to note that the previous bed rest studies reported that the substrate shift was observed in subjects being in positive, negative, or neutral energy balance ([@r34]). This suggests that the effect of physical inactivity might be, to some extent, independent of major changes in energy balance.

The present study clearly shows that extreme physical inactivity, independent of its effects on energy balance, impacts the partitioning of saturated fatty acids toward storage versus oxidation likely via a preferential accumulation of palmitate in muscle fat. Additionally, saturated and monounsaturated fatty acids present a similar absorption rate, trafficking, and uptake by peripheral tissues independently of the physical activity level. Thus, our study provides interesting areas for future research in insulin resistance since it strongly correlated with IMTG. Further investigations are indeed necessary to better understand the mechanisms involved in the trafficking of the dietary fatty acids toward the different peripheral tissues (muscle or adipose tissue) according to their nature and in the lipid metabolism at the muscle level. Although this study also highlights the key role of the aerobic-type exercise training in the regulation of the lipid oxidation, investigations on the relationship between the type of exercise and the exogenous lipid oxidation are also required.
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![Time course of NEFAs, triglycerides (TG), insulin, and glucose concentrations (μmol/l) in the control (*n* = 8) and exercise (*n* = 8) groups 15 days before bed rest (BR) and after 32 days of bed rest. Time 0 corresponds to the standard breakfast ingestion. The postprandial cumulative responses of these parameters were calculated by the area under the curve (AUC) over 10 h postdose. Data are means ± SE. ▪, ambulatory period; •, control group; ▾, exercise group; □, bed rest period; ○, control group; ▿, exercise group.](zdb0020955980002){#f2}

![Time course of the ratio between carbohydrate and fat oxidations (g/g) in the control (*n* = 8) and exercise (*n* = 8) groups 15 days before bed rest (BR) and after 32 days of bed rest. Time 0 corresponds to the standard breakfast ingestion. The ratio of the postprandial cumulative carbohydrate to cumulative fat oxidation were calculated by the area under the curve (AUC) over 10 h postdose. Data are means ± SE. ▪, ambulatory period; •, control group; ▾, exercise group; □, bed rest period; ○, control group; ▿, exercise group.](zdb0020955980003){#f3}

![Time course of labeled dietary \[1-^13^C\]oleate and \[d~31~\]palmitate in triglycerides (TG) and NEFAs in the control (*n* = 8) and exercise (*n* = 8) groups 15 days before bed rest (BR) and after 32 days of bed rest. Time 0 corresponds to the standard breakfast ingestion. The cumulative responses of these parameters were calculated by the area under the curve over 10 h postdose. Data are means ± SE. ▪, ambulatory period; •, control group; ▾, exercise group; □, bed rest period; ○, control group; ▿, exercise group.](zdb0020955980004){#f4}

![Hourly instantaneous percent recovery of \[1-^13^C\]oleate and \[d~31~\]palmitate in the control (*n* = 8) and exercise (*n* = 8) groups 15 days before bed rest (BR) and after 32 days of bed rest. Time 0 corresponds to the standard breakfast ingestion. Recoveries of \[1-^13^C\]oleic and \[d~31~\]palmitic acids were calculated as the instantaneous recovery of ^13^C in expired CO~2~ hourly sampled over the 12 h of the test and as the cumulative recovery of ^2^H in total body water hourly sampled through urine, respectively. Both of these recoveries are expressed as a percentage of the dose. The cumulative percent recoveries of \[1-^13^C\]oleate and \[d~31~\]palmitate were calculated by the area under the curve over the 12 h postdose and then normalized by kilograms of FFM. Data are means ± SE. ▪, ambulatory period; •, control group; ▾, exercise group; □, bed rest period; ○, control group; ▿, exercise group.](zdb0020955980005){#f5}

![Bed rest--induced changes in expression of skeletal muscle LPL, fatty acid transporter CD36 (FAT/CD36), CPT1, acetyl-CoA dehydrogenase, GPD1, and COX4 mRNAs measured between 8 days before bed rest and after 59 days of bed rest and expressed in percentage of fold change in the control (*n* = 5) and exercise (*n* = 5) groups. Data are means ± SE. ▪, control group; □, exercise group. \**P* \< 0.05 vs. ambulatory period. Group effect: NS.](zdb0020955980006){#f6}

![Changes in the gastrosoleus muscular fat content during bed rest (BR) from ambulatory period (*top*). Regression analysis between bed rest--induced changes in cumulative \[d~31~\]palmitate (*bottom*) percentage recoveries (% dose) and the gastrosoleus muscle fat content after 1 month of bed rest. Muscle fat content was measured before bed rest and after 1 and 2 months of bed rest by magnetic resonance T1 signal intensity (arbitrary units) in the control (*n* = 8) and exercise (*n* = 8) groups. Bed rest induced a significant increase in muscle fat content in both groups (*P* = 0.051). After 1 month of bed rest, T1 signal adjusted for baseline values negatively correlated with the reduction in palmitate (*y* = −0.11 × +18.13) (*r*^2^ = 0.48, *P* = 0.003). Data are means ± SE. ○, control group; •, exercise group.](zdb0020955980007){#f7}

###### 

Characteristics of the participants in the ambulatory period and body mass and composition and dietary intake evolution during bed rest

                                                              Ambulatory period   30 days of bed rest   60 days of bed rest   MANOVA (*P* value)                                              
  ----------------------------------------------------------- ------------------- --------------------- --------------------- -------------------- ------------ ------------ -------- ------- --------
  Characteristics                                                                                                                                                                             
      *n*                                                     8                   8                     8                     8                    8            8                             
      Age (years)                                             34 ± 4              33 ± 4                                                                                                      
      Height (m)                                              1.63 ± 0.06         1.65 ± 0.07                                                                                                 
      BMI (kg/m^2^)                                           21.3 ± 1.4          21.7 ± 1.4                                                                                                  
      *V*[o]{.smallcaps}~2peak~ (l/min)                       1.9 ± 0.4           2.1 ± 0.4                                                                                                   
          *V*[o]{.smallcaps}~2peak~ (ml · kg^−1^ · min^−1^)   34.5 ± 7.7          35.1 ± 4.4                                                                                                  
  Body mass and composition                                                                                                                                                                   
      Body mass (kg)                                          55.6 ± 3.8          58.4 ± 6.5            52.9 ± 4.1            55.8 ± 6.0           52.3 ± 3.8   54.9 ± 6.1   0.0001   NS      NS
      FFM (kg)                                                40.8 ± 3.1          43.8 ± 5.8            38.3 ± 3.2            42.7 ± 5.5           38.0 ± 3.0   42.5 ± 5.7   0.0001   NS      0.0006
      FM (kg)                                                 14.8 ± 3.7          14.5 ± 3.2            14.7 ± 3.8            13.1 ± 3.5           14.3 ± 3.5   12.4 ± 3.6   0.001    NS      0.005
          FM (%)                                              26.4 ± 5.5          25.0 ± 5.0            27.5 ± 5.8            23.5 ± 5.8           27.1 ± 5.5   22.6 ± 6.2   0.06     NS      0.006
  Dietary intake                                                                                                                                                                              
      Energy intake (MJ/day)                                  7.5 ± 0.2           7.6 ± 0.5             6.5 ± 0.2             7.4 ± 0.8            6.5 ± 0.2    7.4 ± 0.8    0.0001   0.039   0.004
      Carbohydrates (g/day)                                   259 ± 7             261 ± 16              219 ± 9               252 ± 27             219 ± 9      252 ± 27     0.0001   0.030   0.002
          %                                                   58 ± 1              58 ± 1                56 ± 1                57 ± 1               56 ± 1       57 ± 1       0.0001   NS      0.002
      Lipids (g/day)                                          59 ± 2              59 ± 4                52 ± 2                59 ± 6               52 ± 2       59 ± 6       0.001    0.027   0.0018
          %                                                   29 ± 0              30 ± 0                30 ± 0                30 ± 0               30 ± 0       30 ± 0       0.0001   NS      NS
      Proteins (g/day)                                        56 ± 4              59 ± 6                54 ± 4                56 ± 6               54 ± 4       56 ± 6       0.01     NS      NS
          %                                                   13 ± 1              12 ± 1                14 ± 1                13 ± 1               14 ± 1       13 ± 1       0.0002   NS      0.0001

Data are means ± SD. No differences were noted between groups (*t* test) in the ambulatory period. The effect of bed rest was determined by multiple MANOVA. The between-group differences in the energy intake corresponds to the estimated cost of the exercise training protocol. *V*[o]{.smallcaps}~2peak~, peak O~2~ consumption.

[^1]: Corresponding author: Stéphane Blanc, <stephane.blanc@c-strasbourg.fr>
